We prepare single-unit-cell FeSe films on insulating SrTiO 3 substrates by molecular beam epitaxy and investigate the evolution of their superconducting properties with annealing by in situ scanning tunneling microscopy and scanning tunneling spectroscopy and ex situ transport measurements. We find that through an annealing process, the superconductivity of 1-uc FeSe films on SrTiO 3 substrates develops with the formation of stoichiometric FeSe films and is further enhanced by charge transfer from SrTiO 3 substrates to FeSe films. Moreover, the superconductivity is independent of the bulk property of the SrTiO 3 substrate, regardless of whether it is insulating or conductive. Our results reveal that the high-temperature superconductivity of 1-uc FeSe films on SrTiO 3 substrates indeed occurs at the FeSe/SrTiO 3 interface, where the electron doping at FeSe films plays an important role in this interfacial superconductivity. Recently discovered superconductivity in the single-unitcell (1-uc) FeSe films on Nb-doped SrTiO 3 (Nb-STO) substrates has attracted intensive attention [1] [2] [3] [4] [5] [6] [7] [8] . In sharp contrast to the results of FeSe films on graphene where a 2.2 meV superconducting gap is observed on thick (30 nm) films and no superconducting gap on 1-uc FeSe down to 2.3 K [2], 1-uc FeSe films on STO substrates exhibit unexpected large superconducting gaps of 15-20 meV. More intriguingly, the anomalously large superconducting gaps are only found in the first uc FeSe but not on 2-uc or thicker layers, indicating that the interface plays an important role in the enhanced superconductivity in 1-uc FeSe films on STO substrates [4, [6] [7] [8] .
Several theoretical scenarios have been proposed to explain the interfacial superconductivity. For example, the soft phonons at the interface can enhance the energy scale of Cooper pairing and even change the pairing symmetry, then increase the superconducting transition temperature (T C ) [9, 10] . It is also pointed out that the key factor may be oxygen deficiency, which induces charge transfer and enhances binding energy at the interface [11] . All the previous scanning tunneling microscopy and scanning tunneling spectroscopy (STM/STS) and angle-resolved photoemission spectroscopy (ARPES) studies used Nb-STO as the substrate [4, 7, 8] . The Nb-STO substrates were pretreated by Se etching, and annealed at 950°C under Se flux for 30 min in an ultrahigh-vacuum (UHV) chamber [4] , which did induce oxygen deficiency [8, 12] . Is the Se etching necessary to obtain the high T C ? What happens during annealing? In this Rapid Communication, we investigate the evolution of the morphology and superconducting properties of 1-uc FeSe films on insulating STO substrates with annealing by in situ STM and STS and ex situ transport measurements. Our study shows that the superconductivity of 1-uc FeSe films on STO substrates occurs only when stoichiometric FeSe is formed and * liliwang@mail.tsinghua.edu.cn † xucunma@mail.tsinghua.edu.cn is gradually enhanced by annealing. The superconducting gap is independent of the bulk property, whether it is insulating or conductive, of STO substrates. Our results reveal that the enhanced superconductivity is induced by the interface effect, and electron doping at the FeSe/STO interface plays an important role. Based on the evolution of morphology and carrier concentration with annealing, we discuss the possible origin of electron doping.
The insulating STO substrates were prepared with standard chemical and thermal treatments in a tube furnace to obtain a specific TiO 2 -terminated surface [13] . Then, the STO substrates were transferred into the UHV chamber (base pressure 3 × 10 −10 mbar) and annealed at 600°C for 3 h. This treatment introduces a two-dimensional electron gas (2DEG) on the surface, while the STO remains bulk insulating [14] . FeSe films were grown by coevaporating Fe (99.995%) and Se (99.9999%) with a flux ratio of ß1:10 from two standard Knudsen cells. The STO substrate was held at 400°C and the growth rate was ß0.182 uc/min. Under the above growth condition, the FeSe films were macroscopically homogeneous, which is very critical for transport measurements. The asgrown FeSe films were successively annealed in the UHV chamber for several hours at various temperatures ranging from 250 to 550°C. The STM and STS measurements were performed in situ to record the morphology and conductance spectra after each annealing treatment, with all STM images taken at 4.2 K. Additional 10-uc insulating FeTe and ß30 nm amorphous Si layers were deposited onto 1-uc FeSe films as protection layers for ex situ transport measurements. The insulating STO substrate and FeTe capping layer ensure that electrical transport measurements reflect the property of the FeSe/STO films [13] . The transport measurements were performed by using standard six-terminal geometry on a commercial Quantum Design physical property measurement system (PPMS) with a magnetic field up to 9 T. atomically flat with regular steps originating from the STO substrate. Extra Se adatoms tend to appear on the surface in the form of bright dots in Fig. 1(a) , which is due to the Se-rich growth condition. Figures 1(b)-1(d) are the atomically resolved topographic images after successive annealing at 400, 450, and 530°C for 2 h in each cycle, respectively. The images of FeSe annealed between 450 and 480°C are similar to Fig. 1(c) , while those from 500 to 530°C are similar to Fig. 1(d) . The Se adatoms decrease in both quantity and size during annealing at 400°C, while the extra Se adatoms are still visible [bright dots in Fig. 1(b) ]. Stoichiometric FeSe is obtained after annealing at 450°C [ Fig. 1(c) ]. Se vacancies emerge after annealing at 530°C [ Fig. 1(d) ]. All the surfaces shown in Figs. 1(b)-1(d) are Se-terminated squarelike 1 × 1 with in-plane lattice constants a = b = 3.8Å. Compared with the in-plane lattice constants of 3.77 and 3.91Å for the bulk FeSe and STO substrate [15] , the epitaxial FeSe film experiences a small in-plane tensile stress (lattice distortion <1%). We note that the 1-uc FeSe films on an insulating STO substrate have the same in-plane lattice constants as those on Se-etched STO substrates [4] . However, the 2 × 1 unidirectional stripe, which was observed on the 1-uc FeSe films on Se-etched STO substrates and revealed to be purely an electronic feature instead of lattice reconstruction [4, 16] , is not observed here. We also find that the surface morphology remains similar to Fig. 1(c) even after annealing at 450°C for 30 h, while Se vacancies emerge after annealing at 500°C for 2 h [ Fig. 1(d) ]. Annealing above 550°C causes decomposition of FeSe films (not shown). This implies that 450°C is the optimal temperature to keep FeSe stoichiometric. So we set the annealing temperature at 450°C and improve the film morphology for ex situ transport measurements by increasing the annealing time. It is worth noting that annealing above 450°C induces the appearance of domains on the 060506-2 single-uc FeSe films. Figure 1(e) is the STM morphology after annealing the sample at 450°C more than 10 h, showing the domain structure on the single-uc FeSe films.
With increasing annealing temperature, the FeSe films change from semiconductive to metallic, and finally reach a superconductive state. Figure 1(g) shows the typical dI/dV spectra taken on as-grown FeSe films and annealed at 400°C for 2 h. It is clearly seen that the as-grown FeSe film is semiconducting with an energy gap of 0.4 eV (purple curve), while it becomes metallic after annealing (red curve). Figure 2(a) shows a series of spatial averaged tunneling spectra taken after annealing at 450, 480, 500, 510, and 530°C for 2 h, respectively. These U-shaped dI/dV spectra with pronounced peaks indicate that the films are in the superconducting state. Moreover, the superconducting gap ( ), defined as half of the energy between two coherent peaks near the Fermi level (E F ), gradually becomes larger with increasing annealing temperature. The gap reaches ß15.4 meV after annealing at 530°C, roughly agreeing with the gap size of 1-uc FeSe films on Se-etched STO substrates within experimental uncertainties [4, [6] [7] [8] . Shown in Fig. 2(b) is the detailed gap size evolution on annealing, with the gap size averagely calculated over more than ten points. In Fig. 2(c) , we show a series of temperature-dependent normalized tunneling spectra taken on the FeSe surface after annealing at 530°C. Here all the tunneling spectra were normalized by their backgrounds (presumed to be the normal-state conductance), which was extracted from a cubic fit to the conductance for |V | > 30 mV [17] . With increasing temperature, the spectra become broadened and the coherence peaks are gradually suppressed. Meanwhile, the zero bias conductance (ZBC) continuously increases [ Fig. 2(d) ]. The energy gap is still visible at 50.1 K, suggesting that T C is higher than this temperature. Near T C , the ZBC shows a linear dependence on temperature, as shown in Fig. 2(d) . By extrapolating T C to the point where ZBC = 1 [18] , we find a T C ß 68 K for the 1-uc FeSe/STO film, which is also consistent with the value of 65 K in single-uc FeSe films on Se-etched Nb-STO substrates revealed by ARPES [7, 8] . The similar results on different substrates further confirm that the high-T C superconductivity of 1-uc FeSe films on STO substrates is an interfacial effect.
The ex situ transport results of the 1-uc FeSe films annealed at 450°C for various times are shown in Fig. 3 . The temperature-dependent resistance R(T ) in Fig. 3(a) clearly shows that T onset C becomes larger with increasing annealing time, where T onset C is defined as the intersection between the linear extrapolation of the normal state and the superconducting transition. It is worth noting that here the highest T onset C of 40 K is much lower than that observed by STS above (68 K). We attribute this discrepancy to a possible reason as follows:
In ex situ transport measurements, FeTe films are grown over the FeSe films as a protection layer, where the magnetic order in FeTe [19] may suppress the superconductivity in the 1-uc FeSe films on STO [13] . In addition, STS measurements are critical and locally sensitive while the transport technique is a macroscopic probe. The current FeSe films consist of domains and defects [ Fig. 1(e) ]. Impurity-induced bound states are observed on the domain walls [ Fig. 1(f) ], indicating that superconductivity could be locally suppressed with Josephson junctions and electron scattering [20] .
The corresponding Hall coefficient (R H ) in Fig. 3 (b) exhibits a systematic evolution with increasing annealing time and a strong temperature-dependent behavior. R H in all films is positive at 300 K, and decreases at lower temperature. In the case of semiconducting as-grown films, R H remains positive: It reaches a minimum at ß145 K and then increases again with decreasing temperature. The R H of annealed superconducting films persists decreasing at lower temperature and changes to negative in the normal state before the superconducting transition, indicating a predominance of electron-type carriers, in contrast to the nonsuperconducting ones. The amplifiedscale panel reveals a detailed change in sign from R H > 0 to R H < 0 at a characteristic temperature T e−h . A very similar sign change has been reported in bulk iron chalcogenides [21] , as well as in other superconductors [22] , and is usually interpreted by the multiband feature of the electronic structure and the coexistence of electron and hole carriers with different contributions from various bands. Figure 3 and T e-h for the annealing time dependence. It is obvious that T e-h increases by prolonging the annealing time. The fact that both T e-h and T onset C increase with annealing time indicates a close relationship between superconductivity and charge carriers. Since a longer annealing time will lead to larger electron doping and will shift the E F upwards, as seen by ARPES [7] , more electrons are expected to participate in the transport process. Correspondingly, the sign reversal of R H appears earlier, then the higher value of T e-h . The results suggest that 1-uc FeSe films dominated by electron-type carriers are in favor of the superconducting transition.
The above transport results imply that electron doping plays an important role in the high-T C superconductivity in 1-uc FeSe films. This is further supported by the result that T C increases when electrons are injected into the 1-uc FeSe films by the field effect. The insulating STO substrate was used directly as a back gate, due to its high dielectric constant at low temperature [23] [24] [25] . Figure 4 annealing, accompanied by an occurrence of Se vacancies. However, as seen in Fig. 1(h) , the superconducting gap size on the isolated Se vacancy is just the same as that on the well-ordered region of stoichiometric FeSe, indicating that the existence of Se vacancies may not be the main origin of electron doping, even though the Se vacancies are expected to electrically dope the FeSe plane strongly [12] .
We have observed a similar superconducting gap ( ) and transition temperature (T C ) for the 1-uc FeSe films grown on insulating STO and on conductive Nb-STO substrates [4, 13] , consistent with previous ARPES studies of 1-uc films on conductive Nb-STO substrates [7, 8] . The pretreatments of STO, namely, annealing at 950°C for conductive Nb-STO and at 600°C for insulating STO in an UHV condition, induces 2DEG at the STO surface [14, 26] . This has been attributed to the localized oxygen vacancies at the surface and verified to be independent of the STO bulk properties over a large range of carrier densities from less than 10 13 cm −3 (intrinsic insulating STO) to 10 20 cm −3 (very conductive STO) [27] . Considering the similarity of such a bulk-independent feature, we attribute the main origin of electron doping to 2DEG or oxygen vacancies at the surface. This statement is consistent with previous first-principles calculations which stated that the oxygen deficiencies on the top layer of STO substrate can enhance the binding energy at the interface and can serve as the source of electron doping, leading to an increase in the local density of states at E F [28] [29] [30] . We suggest that the substantial charge transfer and the charge-induced vertical electric field at the FeSe/STO interface should be responsible for the modified band structure and Fermi surface topology [7] . As a prerequisite, the FeSe films must be stoichiometric [31] . Otherwise, FeSe films with extra Se adatoms will experience hole doping [32] , which may partially or even totally counteract the electron doping at the FeSe/STO interface. Postannealing treatments can remove extra Se adatoms and meanwhile keep the FeSe film stoichiometric so that the hole doping effect can be avoided.
In summary, we investigated the evolution of surface morphology, the superconducting gap, the superconducting transition temperature T C , and charge carriers of 1-uc FeSe films on insulating STO substrates by a systematic annealing experiment. Our work reveals that the high-temperature superconductivity in the 1-uc FeSe/STO system is an interface effect and is caused by electron doping.
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